Research in contextEvidence before this studyInflammatory bowel diseases (IBDs) include Crohn\'s disease (CD) and ulcerative colitis (UC) and are characterized by chronic inflammation of the gastrointestinal tract. It\'s generally accepted that IBD results from an aberrant immune response to commensal microflora in genetically susceptible individuals. However, only limited data are available on the role of mature myeloid cells and how the functions of these mature myeloid cells are regulated in IBDs. Recent studies demonstrate the involvement of TRIM33 in immune response by regulating the production and the functions of macrophages but any role of TRIM33 in monocytes/macrophages during intestinal inflammation is not known.Add value of this studyIn the present study, we first showed that TRIM33 mRNA level is decreased in blood monocytes of CD patients. Using a mouse model of IBDs, the dextran sulfate sodium (DSS)-induced colitis, we showed that TRIM33 expression in monocytes/macrophages is necessary for the resolution of intestinal inflammation. Indeed, TRIM33 expression in monocytes/macrophages was required for three essential steps of resolution of inflammation: recruitment of blood monocytes to the inflammatory site, differentiation of monocytes into M2 macrophages in the colon and activation of membrane-bound TNF on macrophages associated with apoptosis of colonic neutrophils.Implications of all the available evidenceThese data suggest that TRIM33 expression in monocytes/macrophages regulates the progression of IBDs and may become a novel indicator for disease activity of IBDs.Alt-text: Unlabelled Box

1. Introduction {#s0020}
===============

Inflammatory bowel disease (IBD) comprises a group of inflammatory conditions of the gastrointestinal tract \[[@bb0005]\] affecting an increasing number of patients worldwide \[[@bb0010]\]. The two forms of IBD, Crohn\'s disease (CD) and ulcerative colitis (UC), result from alterations in the immune homeostasis of the intestinal tissue leading to local uncontrolled inflammation \[[@bb0015],[@bb0020]\]. IBDs generally result in epithelial cell death, loss of crypt architecture, submucosal edema and mucosal ulceration \[[@bb0020]\]. Although the etiology of IBDs remains unclear, it has been shown that abnormal functions of myeloid cells in the intestinal lamina propria contribute to the gut unresolved inflammation \[[@bb0025]\]. Gut contains a self-maintaining population of macrophages \[[@bb0030]\] but, during inflammation, these resident gut macrophages are replaced by macrophages produced by incoming blood monocytes that acquire a pro-inflammatory or tissue-protective signature \[[@bb0035], [@bb0040], [@bb0045]\]. These blood monocytes, also called "inflammatory" monocytes are characterized by a high expression of Ly6C and represent a transient inflammatory stage from blood monocytes to tissue macrophages.

Resident and newly produced macrophages play a crucial role in maintaining gut homeostasis \[[@bb0050]\] and are thought to be key players in IBD. Although there are several macrophage subsets, they can be divided into two main groups. M1 (or activated macrophages) produce nitric oxide, reactive oxygen species, and pro-inflammatory cytokines such as tumor necrosis factor α (TNF), interleukin 6 (IL-6), interleukin 1β (IL-1β), and interleukin 23 (IL-23), leading to tissue injury. Conversely, M2 (or regulatory macrophages) produce high levels of interleukin 10 (IL-10) and transforming growth factor-β (TGF-β) and low levels of TNF that function in constructive processes such as wound healing and tissue repair \[[@bb0055]\].

The tripartite motif (TRIM) family of proteins plays important roles in innate immunity and antimicrobial infection. TRIM33 (TIF1γ, Ectodermin) belongs to a sub-family of chromatin binding TRIM proteins that also includes TRIM24 (TIF1α), TRIM28 (TIF1β, KAP1) and TRIM66 (TIF1δ) \[[@bb0060]\]. Recently, we showed that TRIM33 switches off *Ifnβ1* gene transcription during the late phase of macrophage activation \[[@bb0065]\], regulates the production of macrophages and is involved in the innate immune response \[[@bb0070]\]. In zebrafish, macrophages of TRIM33-deficient embryos display a lack of a response to inflammatory recruitment signals \[[@bb0075]\] but the role of TRIM33 in monocytes/macrophages during inflammatory responses in vivo is not known.

In this report, we use a model of human IBD, the dextran sulfate sodium (DSS) induced colitis, in mice deleted for *Trim33* only in mature myeloid cells (*Trim33*^*−/−*^ mice), to study the role of TRIM33 in mature myeloid cells during this colonic inflammation. TRIM33 deficiency in mature myeloid cells results in a significant accumulation of neutrophils and monocytes in blood and colon but a decrease number of colonic macrophages. Using competitive bone marrow transplantation, adoptive transfer of monocytes and in vitro studies, we show an inefficient recruitment and differentiation of *Trim33*^*−/−*^ blood monocytes in the inflammatory colon. In addition, *Trim33*^*−/−*^ colonic macrophages display deficiencies that may participate to the unresolved colonic inflammation. Altogether, these results showed a critical role of TRIM33 expression by monocyte/macrophage during colonic inflammation.

2. Materials and methods {#s0025}
========================

2.1. Ethics statments {#s0030}
---------------------

### 2.1.1. Mice {#s0035}

Experiments were performed in compliance with European legislation and with the Ethics Committee of the French Ministry of Agriculture (Agreement D9203202; reference 2015012911496673 (APAFIS\#190)).

### 2.1.2. Human {#s0040}

Experiments were conducted on a prospective review of Crohn\'s disease patients at the Gastroenterology department of Lyon Sud University Hospital (Clinical Trial: [NCT03712826](NCT03712826){#ir0005}).

2.2. Mice and DSS treatment {#s0045}
---------------------------

### 2.2.1. Mice {#s0050}

*Trim33*^*−/−*^ mice were previously described \[[@bb0070]\]. In all in vivo experiments, 11-to 13 weeks-old female mice were used.

### 2.2.2. DSS-induced colitis {#s0055}

To induce acute colitis, mice were given drinking water containing 2% Dextran Sulfate Sodium (DSS) (molecular weight: 36,000--50,000; MP Biomedicals) for 6 days with repeat at 3 day \[[@bb0080]\]. After 6 days of treatment, mice were given normal drinking water.

### 2.2.3. Inflammation assessment {#s0060}

Inflammation assay daily were measured by weight loss of mice, the variation of colon width and length and analysis of myeloid blood cells. The peak of inflammation and resolution of inflammation in WT mice were determined by the percentage of blood myeloid cells and by width and length colon.

2.3. Histopathological analysis {#s0065}
-------------------------------

The colon was perfused with cold PBS and was opened longitudinally. Distal colon was Swiss-rolled and fixed with 4% paraformaldehyde (PFA). The fixed tissue was then embedded in paraffin. Five-micrometer tissue sections were sliced and stained with hematoxylin and eosin (H&E). Cross sections were view with OLYMPUS BX51 microscope and recorded by Archimed software.

2.4. Isolation of murine lamina propria cells from colonic tissues {#s0070}
------------------------------------------------------------------

To isolate colonic cells, the large intestines of mice were excised and soaked in cold PBS. After removing all excess fat and faeces, the colon was opened longitudinally, washed in cold PBS on ice. The mucus was removed by scraped the tissue into petri dishes and cut into 1 cm pieces. Epithelial cells and mucus were removed by two incubations of 15 min with 5 ml of predigestion solution containing HBSS (without Ca^2+^ and Mg^2+^), 5% FBS, 2 mM EDTA, and 0.15 mg/ml (1 mM) DTT at 37 °C shaking at 250 rpm. The intestinal tissue was washed by adding cold PBS (with Ca^2+^ and Mg^2+^), and cut into 5 mm pieces on ice. Colon pieces were then digested in PBS (with Ca^2+^ and Mg^2+^) containing 5% FBS, 1 mg/ml Collagenase VIII (Sigma), and 0.1 mg/ml DNase I (Roche) for 20 min at 37 °C shaking at 250 rpm. The solution was centrifuged, the supernatant was kept in a new falcon with 1 ml of cold FBS, then the colon pieces was incubated with a new digestion solution for 20 min at 37 °C at 250 rpm. The resulting cell suspension and the supernatant were passed through a 70 μm cell strainer washed with PBS and passed through 40 μm cell strainer. Cells were centrifuged, counted and kept on ice until flow cytometry analysis \[[@bb0085]\].

2.5. Flow cytometry {#s0075}
-------------------

***Blood cells*** were depleted of red blood cells using an ammonium chloride solution (STEMCELL™) for 15 min and stop with PBS. Blood cells were incubated with anti-CD11b (M1/70) for myeloid cells, anti-CD115 (AFS98), anti-Ly6C (HK1.4) for monocytes and anti-Ly6G (1A8) (Ozyme) for neutrophils and anti-CD3 (17A2) and anti-B220 (RA3-6B2) (Ozyme) for lymphocytes T and B for 20 min at 4 °C. ***Lamina propria cells*** were preincubated with a commercial Fc-blocking antibody (anti-*CD16*/*32, ebioscience*) for 10 min at 4 °C and then with a cocktail of anti-bodies against various lineage markers, including anti-CD45.2 (104), anti-CD11b (M1/70), anti-IA-IE (CMHII: M5/114.15.2), anti-Ly6C (HK1.4), anti-F480 (BM8), anti-CD64 (X54-5/7.1), anti-Ly6G(1A8) and anti-CD206 (C068C2) (Biologend) for M1/M2 macrophages. Sorting cells were performed on FACS Aria II (BD Biosciences).

***For TNF intracellular staining***, BD Cytofix/Cytoperm kit (BD Biosciences) was used. Briefly, after membrane staining lamina propria cells were incubated with 500 μl Cytofix/Cytoperm during 20 min at 4 °C and washed with PermWash and stained with antibody specific to TNF (MP6-XT22) (Biolegend) or appropriate Ig control for 1 h on ice.

***For membrane-bound TNF staining***, lamina propria cells were fixed with 500 μl of 0.5% (PFA) in PBS for 45 min, washed three times with PBS and incubated with anti-bodies against macrophages including anti-TNF (MP6-XT22) or appropriate Ig control for 20 min at 4 °C.

***Spleen cells*** were depleted of red blood cell with ammonium chloride solution (STEMCELL™) for 15 min and stopped with PBS and then were incubated for 20 min at 4 °C with different antibodies described in methods for blood monocytes and neutrophils.

***For Ki67 staining***, blood cells and lamina propria cells were incubated with antibodies for monocytes staining. BD cytofix/cytoperm kit (BD Bioscience) was used to do the cells fixation and permeabilization and next staining with anti-Ki67 and Hoechst.

***For Annexin V staining***, ***c***ells apoptosis was quantified by the expression of membrane phosphatidylserine (PS) detected by Annexin V binding using Annexin V-APC Apoptosis detection kit as recommended by manufacturer (ebioscience) and analyzed by flow cytometry. Flow cytometry data were collected with the FACS LSR II (BD Biosciences) or FACS Canto II (BD Biosciences) and they were analyzed by Flow Jo software (version 7.6.5).

2.6. Cell culture {#s0080}
-----------------

### 2.6.1. Monocytes differentiation {#s0085}

Mouse bone marrow (BM) was flushed out of the tibia, femur and humerus from WT and *Trim33*^*−/−*^ mice using a syringe with PBS, filtered through a 70-μm cell strainer to remove debris and pelleted by centrifugation. Monocytes from BM or blood were isolated by negative selection using Mouse Monocyte Isolation Kit (EasySep™; STEMCELL^TM^) and obtained around 90% of purity. Monocytes differentiation in culture was triggered by association of 50 ng/ml mouse M-CSF (Miltenyi Biotec) and RPMI Medium 1640 (Gibco) supplemented with 10% FBS (Sigma) and 1% Penicillin -- Streptomycin (Gibco) during 3 to 4 days. After removing nonadherent cells, cells were detached with non enzymatic solution (Cell dissociation from Sigma) and after with cold PBS. Cells were incubated with anti-CD16/32 and then with a cocktail of antibodies (anti-CD45.2, anti-CD11b, anti-Ly6C and anti F4/80) for detected differentiation of monocytes into macrophages by flow cytometry.

### 2.6.2. Monocytes co-culture {#s0090}

It was the same protocol that monocytes differentiation. After negative selection of BM monocytes, *Trim33*^*−/−*^ monocytes were labeled with CFSE, 70% of *Trim33*^−/−^ monocytes with 30% of WT monocytes were put in the same well with M-CSF during 3 at 4 days and conversely 70% of WT monocytes with 30% of *Trim33*^*−/−*^ monocytes were used.

2.7. Adoptive transfert of monocytes {#s0095}
------------------------------------

WT or *Trim33*^*−/−*^ monocytes were isolated from BM after DSS treatment (day 16) and marked with CFSE. About 4.10^6^ WT or *Trim33*^*−/−*^ monocytes CFSE were injected in intravenous (i.v.) in WT mice treated with DSS (day 16). Percentage of CFSE in blood of WT recipient mice were analysis at different time after adoptive transfer by flow cytometry. 72 h post adoptive transfer, percentage of CFSE in colon cells were analysis by flow cytometry, precisely in monocytes intermediate and macrophages.

2.8. Competitive BM transplantation {#s0100}
-----------------------------------

WT BM CD45.1 (2.5·10^6^ cells) and *Trim33*^*−/−*^ BM CD45.2 (2.5·10^6^ cells) were injected in WT recipient mice CD45.1.2 irradiated at 10 Gy. 3 months after transplantation, WT recipient mice were treated by DSS. At day 16, colon and blood cells were analyzed by flow cytometry.

2.9. Microarray {#s0105}
---------------

Ly6C^high^ inflammatory blood monocytes RNA was extracted with the RNeasy Micro kit (QIAGEN). Gene expression profiling was performed in biological duplicates on Mouse GE 8x60K Microarrays (Agilent) according to the manufacturer\'s instructions. The accession number in the Gene Expression Omnibus (GEO) database for the microarrays data is GSE124778.

2.10. Quantitative RT-PCR {#s0110}
-------------------------

Total RNA was extracted with the RNeasy Plus Micro kit (Qiagen) and reverse transcribed with random primers and Superscript III (Life Technologies). Quantitative PCR was performed using the Power SYBR green PCR master mix (Applied Biosystems) in the 7900HT Fast Real-Time or the StepOne PCR Systems (Applied Biosystems). *Hprt* or *β2m* mRNA levels were used as an internal reference for mouse and human experiments respectively. Primer sequences are listed below.

2.11. Primer sequences {#s0115}
----------------------

The following primer sequences were used in quantitative RT-PCR.

### 2.11.1. Human {#s0120}

*β2m* F: 5′-CACAGCCCAAGATAGTTAAGT-3′; R: 5′-CCAGCCCTCCTAGAGC-3′; *Trim33* F: 5′-AGCAACGGCGACATCCA-3′; R: 5′-CCAGCCCTCCTAGAGC-3′.

### 2.11.2. Mouse {#s0125}

*Hprt* F: 5′-GCTGGTGAAAAGGACCTCT-3′; R: 5′-CACAGGACTAGAACACCTGC-3′; *Stfa1* F: 5′ AAACTCAAGTCGTCGCTGGAGAA-3′; R: 5′-GTCAGTCTGGTAACCATGAAGTTC-3′; *Emp1* F: 5′-ATTGCCACTGCCATTATGCT-3′; R: 5′-TTGCGTAATCTGCAACCATC-3′; *Retnla* F: 5′-GAACTTCTTGCCAATCCAG-3′; R: 5′-TCCAGTCAACGAGTAAGC-3′; *Tnf* F: 5′-CATCTTCTCAAAATTCGAGTGACAA-3′; R: 5′-TGGGAGTAGACAAGGTACAACCC-3′; *Il6* F: CCGGAGAGGAGACTTCACAG; R: TCCACGATTTCCCAGAGAAC. *Il1β* F: TCGTGCTGTCGGACCCATAT; R: GTCGTTGCTTGGTTCTCCTTGT.

2.12. Irradiation mice {#s0130}
----------------------

WT and *Trim33*^*−/−*^ head and neck mice were irradiated at 16 Gy and the mice were monitoring during 21 days. Parkin\'s score was evaluated \[[@bb0090]\].

2.13. Isolation of human blood monocytes {#s0135}
----------------------------------------

Peripheral blood was obtained from healthy adults and from patients with Crohn\'s disease, peripheral blood mononuclear cells (PBMC) were isolated by density gradient centrifugation using Ficoll (Eurobio). Blood monocytes were isolated from PBMC by MACS sorting with PE anti-CD14 (rmC5-3) (Miltenyi). The purity of enriched monocytes samples were evaluated by flow cytometry.

2.14. Immunofluorescence analysis {#s0140}
---------------------------------

The colon was perfused with cold PBS and was opened longitudinally. Distal colon was Swiss-rolled and fixed with 4% PFA. OCT-embedded colon sections (20 μm) were fixated with PFA 1% for 10 min at room temperature (RT), rehydrated in HBSS for 2 min at RT, permeabilized with 0.1% Tween in HBSS for 2 min at RT, blocked with 10% normal donkey serum and 0.01% saponin in HBSS overnight at 4 °C, washed 3 times with HBSS for 5 min and then incubated with A488 anti-F4/80 (1/150, BM8, eBiosciences), PE anti-CD31 (1/200, MEC13.3, OZYME) and Ax700 anti-Ly6C (1/200 HK1.4, Ozyme) 1-1 h30 at RT. The tissue sections were then washed 3 times with HBSS for 5 min, treated with DAPI (/3000) for 15mins at RT, washed 3 times with HBSS for 5 min mounted in ProLong Gold antifade reagent (Molecular Probes) and visualized by Leica SP8 confocal microscope.

The intensities of tissues staining were analyzed and illustrated using ImageJ.

2.15. Histopathological analysis {#s0145}
--------------------------------

The spleen was fixed with 4% PFA and then, was embedded in paraffin. Five-micrometer tissue sections were sliced and stained with hematoxylin and eosin. Cross sections were view with OLYMPUS BX51 microscope and recorded thanks to Archimed software.

2.16. Statistics {#s0150}
----------------

Statistical comparisons were performed with either a Student\'s *t*-test or a Mann-Whitney test, as appropriate (\**p* \< 0.05; \*\**p* \< 0.008; \*\*\**p* \< 0.0007; \*\*\*\**p* \< 0.00001).

3. Results {#s0155}
==========

3.1. *Trim33* mRNA level is decreased in monocytes of patients suffering from Crohn\'s disease {#s0160}
----------------------------------------------------------------------------------------------

Using LyzCre/*Trim33* mice (hereafter referred to as *Trim33*^*−/−*^ mice), in which *Trim33* is deleted only in mature myeloid cells, we have shown that TRIM33 deficiency in mature myeloid cells decreased these mice survival after lipopolysaccharide (LPS) challenge \[[@bb0070]\]. The role of TRIM33 in myeloid cells during inflammation was then studied using a local inflammation induced by irradiation of mice in the head-and-neck area. *Trim33*^*−/−*^ mice had a continuous inflammation shown by a high Parkin\'s score until day 21 whereas wild type (WT) mice resolved this radiation-induced inflammation ([Fig. 1](#f0005){ref-type="fig"}A and B). Altogether, these results show a role of TRIM33 in mature myeloid cells during inflammation.Fig. 1TRIM33 deficiency in mature myeloid cells worsens the inflammatory response in DSS-induced colitis.**A**. 16.5Gy irradiation of the head-and-neck area of WT and *Trim33*^*−/−*^ mice (left panel). Persistent inflammation 21 days after the 16.5 Gy local irradiation of *Trim33*^*−/−*^ mice (right panels). **B**. Parkins score monitoring of inflammation after the 16.5 Gy local irradiation of WT (blue) and *Trim33*^*−/−*^ (red) mice. Mean ± SEM are performed with *n* = 4--5 mice per group. **C**. *Trim33* mRNA levels in purified blood monocytes from healthy (controls) people and Crohn\'s disease patients using qRT-PCR. Mean ± SEM are performed with *n* = 9--10 people per group. qRT-PCR data are normalized to *b2m*. **D--G**. WT or *Trim33*^*−/−*^ mice drank water containing 2% DSS for 6 days (day 6) and normal water for another 23 days (day 29) and the inflammatory response was monitored during this DSS-induced colitis. **D**. Weight-loss curves of WT (blue) and *Trim33*^*−/−*^ (red) mice. Mean ± SEM are performed with *n* = 15--22 mice per group. **E**. Percentage of blood myeloid cells (CD11b^+^) in WT (blue) and *Trim33*^*−/−*^ (red) mice. **F**. Macroscopic aspect of colon and representative colon sections stained with hematoxylin and eosin (H&E) in WT and *Trim33*^*−/−*^ mice. Square and arrow represent cell infiltration. **G**. Colon width (upper panel) and length (lower panel) in WT (blue) and *Trim33*^*−/−*^ (red) mice. Statistical comparisons were performed with Mann-Whitney test. (\**p* \< 0.03; \*\**p* \< 0.004; \*\*\*\**p* \< 0.0001).Fig. 1

To get some insights into any role of TRIM33 in inflammatory conditions of the gastrointestinal tract, we studied *Trim33* mRNA level in blood monocytes of CD patients as mounting evidence suggests that the pathogenesis of CD involves an impaired acute inflammatory response \[[@bb0095]\]. We found a decreased mRNA level of TRIM33 (Supplementary Table S1 and [Fig. 1](#f0005){ref-type="fig"}C) in CD patients\' monocytes suggesting a role of TRIM33 in myeloid cells of CD patients.

3.2. TRIM33 deficiency in mature myeloid cells impairs resolution of DSS-induced colitis {#s0165}
----------------------------------------------------------------------------------------

The decreased mRNA level of *Trim33* in blood monocytes of CD patients led us to use a mouse model of IBD, the DSS-induced colitis, to determine if this decreased expression was associated with or played a role in CD. At the end of DSS treatment (day 6), WT and *Trim33*^*−/−*^ mice begin to lose weight. WT mice regained normal weight 10 days after the end of DSS treatment (hereafter named day 16) but *Trim33*^*−/−*^ mice lost more weight and regained normal weight only 23 days after the end of DSS treatment (hereafter named day 29) ([Fig. 1](#f0005){ref-type="fig"}D). In WT mice, the highest percentage of circulating myeloid cells was found around day 16, i.e. the peak of inflammation, and this percentage returned to baseline at day 29, i.e. the end of inflammation ([Fig. 1](#f0005){ref-type="fig"}E). In *Trim33*^*−/−*^ mice, the increase of circulating myeloid cells was always higher and was still high at day 29 suggesting persistent inflammation in these mice ([Fig. 1](#f0005){ref-type="fig"}E).

At day 16, DSS treatment resulted in a decreased colon length and an increased colon width in WT and *Trim33*^*−/−*^ mice ([Fig. 1](#f0005){ref-type="fig"}F and G). In WT and *Trim33*^*−/−*^ mice colons showed an inflammatory cell infiltration in lamina propria and this infiltration extensively spread out in *Trim33*^*−/−*^ mouse sub-mucosa ([Fig. 1](#f0005){ref-type="fig"}F). At day 29, only *Trim33*^*−/−*^ mice have an increased colon width ([Fig. 1](#f0005){ref-type="fig"}F and G) with an accumulation of inflammatory cells ([Fig. 1](#f0005){ref-type="fig"}F) indicating a defect in the resolution of DSS-induced colitis in *Trim33*^*−/−*^ mice. This phenotype was associated with a splenomegaly (Supplementary Fig. 1A) and a destruction of splenic follicule structures (Supplementary Fig. 1B) in *Trim33*^*−/−*^ mice.

Altogether, these results indicate that TRIM33 deficiency in mature myeloid cells was associated with an abnormal inflammation termination during DSS-induced colitis.

3.3. Impaired recruitment and differentiation of *Trim33*^*−/−*^ monocytes during DSS-induced colitis {#s0170}
-----------------------------------------------------------------------------------------------------

Compared to WT mice, *Trim33*^*−/−*^ mice had a higher percentage of circulating Ly6C^high^ inflammatory monocytes but a lower percentage of B-lymphocytes and same percentages of Ly6C^low^ blood monocytes, neutrophils and T-lymphocytes ([Fig. 2](#f0010){ref-type="fig"}A and Supplementary Fig. 2A). The higher percentage of blood Ly6C^high^ inflammatory monocytes in *Trim33*^*−/−*^ mice was associated with decrease apoptosis (Supplementary Fig. 2B). During DSS-induced colitis (day 16), the percentages of circulating Ly6C^high^ inflammatory monocytes and neutrophils similarly increased two-fold in *Trim33*^*−/−*^ and WT mice ([Fig. 2](#f0010){ref-type="fig"}B, day 16 and Supplementary Fig. 2C). We found no difference in the percentages of Ly6C^low^ monocytes and T-lymphocytes and the same lower percentage of B-lymphocytes in WT and *Trim33*^*−/−*^ mice (Supplementary Fig. 2A). At day 29, the percentage of Ly6C^high^ inflammatory blood monocytes decreased but remained high in WT and *Trim33*^*−/−*^ mice ([Fig. 2](#f0010){ref-type="fig"}B, left panels, day 29 and Supplementary Fig. 2C). A high percentage of circulating neutrophils was found only in *Trim33*^*−/−*^ mice and this high percentage was not associated with decreased apoptosis of *Trim33*^*−/−*^ neutrophils ([Fig. 2](#f0010){ref-type="fig"}B, right panels, day 29 and Supplementary Fig. 2D). Furthermore, this increased percentage of blood neutrophils in *Trim33*^*−/−*^ at day 29 was not associated with increased percentages of myeloid progenitors/precursors and mature myeloid cells in BM (data not shown) but with an increased percentage of neutrophils in spleen (Supplementary Fig. 2E).Fig. 2TRIM33 deficiency in mature myeloid cells modifies monocytes, macrophages and neutrophils numbers in colon of DSS-treated mice.**A**. Percentages of Ly6C^high^ inflammatory blood monocytes (Cd11b^+^ CD115^+^ Ly6C^high^) (left panel) and blood neutrophils (CD11b^+^ Ly6C^med^ Ly6G^+^) (right panel) without DSS treatment (d0) in WT (blue) and *Trim33*^*−/−*^ (red) mice. Mean ± SEM are performed with *n* = 30--40 mice per group. **B--F**. Myeloid sub-population during DSS-induced colitis. **C--F**. Of note the number of colonic cells did not change during DSS-induced colitis in WT and *Trim33*^*−/−*^ mice (Supplementary Fig. 2G) and thus percentages reflected the number of cells. **B.** Percentages of Ly6C^high^ inflammatory blood monocytes (left panels) and blood neutrophils (right panels) in WT (blue) and *Trim33*^*−/−*^ (red) mice. Mean ± SEM are performed with *n* = 30--40 mice per group. **C.** Percentage of id blood monocytes (CD45.2^+^ CD11b^+^ CMHII^−^ Ly6C^high^) from colon of WT (blue) and *Trim33*^*−/−*^ (red) mice. Mean ± SEM are performed with *n* = 10--20 mice per group. **D.** Fold increase of *Trim33*^*−/−*^ over WT inflammatory blood monocytes (purple) and fold increase of *Trim33*^*−/−*^ over WT colonic id blood monocytes (pink) at day 16. Mean ± SEM are performed with *n* = 30--40 mice per group. **E.** Percentage of intermediate monocytes (CD45.2^+^ CD11b^+^ CMHII^+^ Ly6C^+^ F480^−^ CD64^+^) from colon of WT (blue) and *Trim33*^*−/−*^ (red) mice. Mean ± SEM are performed with n = 10--20 mice per group. **F.** Percentage of macrophages (CD45.2^+^ CD11b^+^ CMHII^+^ Ly6C^−^ F480^+^ CD64^+^) from colon of WT (blue) and *Trim33*^*−/−*^ (red) mice. Mean ± SEM are performed with n = 10--20 mice per group. **G.** Percentage of neutrophils (CD45.2^+^ CD11b^high^ CMHII^−^ Ly6C^med^ Ly6G^+^) from colon of WT (blue) and *Trim33*^*−/−*^ (red) mice. Mean ± SEM are performed with *n* = 6--20 mice per group. Statistical comparisons were performed with Mann-Whitney test (\**p* \< 0.02; \*\**p* \< 0.0003; \*\*\**p* \< 0.0006; \*\*\*\**p* \< 0.0001).Fig. 2

In absence of inflammation, Ly6C^high^ inflammatory blood monocytes can enter the intestinal mucosa (and are then named id blood monocytes), mature into intermediate monocytes which can differentiate into F4/80 macrophages (Supplementary Fig. 2F) \[[@bb0100]\]. Before DSS challenge (day 0), the percentage of id blood monocytes in colon was similar in WT and *Trim33*^*−/−*^ mice ([Fig. 2](#f0010){ref-type="fig"}C, day 0 and Supplementary Fig. 2H). In contrast, the percentage of intermediate monocytes was higher in *Trim33*^*−/−*^ mice compared to WT mice ([Fig. 2](#f0010){ref-type="fig"}E, day 0 and Supplementary Fig. 2I) and this difference was associated with a lower percentage of colonic macrophages ([Fig. 2](#f0010){ref-type="fig"}F, day 0 and Supplementary Fig. 2 J) suggesting a differentiation defect of *Trim33*^*−/−*^ intermediate monocytes into colonic macrophages.

At day 16, an increased percentage of id blood monocytes was found in the colon of WT and *Trim33*^*−/−*^ mice as already reported \[[@bb0105]\] ([Fig. 2](#f0010){ref-type="fig"}C, day 0 vs day 16 and Supplementary Fig. 2H). However, the fold increase of *Trim33*^*−/−*^ id blood monocytes compared to WT was two-fold lower than the fold increase of Ly6C^high^ inflammatory blood monocytes suggesting a decreased capacity of *Trim33*^*−/−*^ inflammatory blood monocytes to be recruited to the colon during DSS-induced colitis ([Fig. 2](#f0010){ref-type="fig"}D). The increased percentage of WT and *Trim33*^*−/−*^intermediate monocytes compared to day 0 ([Fig. 2](#f0010){ref-type="fig"}E, day 0 vs day 16 and Supplementary Fig. 2I) was associated with a decreased or stable percentage of WT and *Trim33*^*−/−*^ colonic macrophages respectively, a consequence of the known decreased intermediate monocytes differentiation into macrophages during colonic inflammation \[[@bb0100]\] ([Fig. 2](#f0010){ref-type="fig"}F, day 0 and day 16 and Supplementary Fig. 2J). The increased percentages of id blood monocytes and intermediate monocytes and the diminished percentage of colonic macrophages in *Trim33*^*−/−*^ mice at day 16 were neither accounted for by differences in apoptosis or cell cycle of these populations (Supplementary Fig. 2K) nor by a different localization of Ly6C monocytes and F4/80 macrophages in colon tissue from WT or *Trim33*^*−/−*^ mice (Supplementary Fig. 2L).

At day 29, the percentage of id blood monocytes returned to their basal level only in the colon of WT mice ([Fig. 2](#f0010){ref-type="fig"}C, day 0 vs day 29 and Supplementary Fig. 2H); the percentage of intermediate monocytes returned to their basal level in WT and *Trim33*^*−/−*^ mice ([Fig. 2](#f0010){ref-type="fig"}E, day 29 and Supplementary Fig. 2I) and the percentage of colonic macrophages decreased only in *Trim33*^*−/−*^ mice ([Fig. 2](#f0010){ref-type="fig"}F, day 29 and Supplementary Fig. 2J).

Altogether, these results showed a decreased capacity of *Trim33*^*−/−*^ blood monocytes to be recruited to the inflammatory colon and a differentiation defect of *Trim33*^*−/−*^ intermediate monocytes into colonic macrophages.

Whereas no difference in percentages of colonic neutrophils between WT and *Trim33*^*−/−*^ mice was found at day 0 ([Fig. 2](#f0010){ref-type="fig"}F, day 0), a continuous increase percentage of infiltrated neutrophils was found in the colon of *Trim33*^*−/−*^ mice compared to WT mice during DSS-mediated colitis ([Fig. 2](#f0010){ref-type="fig"}F, day 16 and day 29) and might be associated with the impaired resolution of DSS-induced colitis in *Trim33*^*−/−*^ mice.

3.4. Cell autonomous deficiency of *Trim33*^*−/−*^ monocytes recruitment and differentiation during DSS-induced colitis {#s0175}
-----------------------------------------------------------------------------------------------------------------------

In most cases of CD, the macrophages recruitment from blood monocytes is affected \[[@bb0095]\]. To compare *Trim33*^*−/−*^ and WT monocytes recruitment and differentiation during DSS-induced colitis, we performed competitive BM transplantation in WT recipient mice followed by DSS-induced colitis. A 1:1 ratio of WT and *Trim33*^*−/−*^ BM was transplanted into lethally irradiated WT recipient mice and 3 months after transplantation, mice were treated by DSS and sacrified at day 16 ([Fig. 3](#f0015){ref-type="fig"}A, left scheme). Whereas a 1:1 chimerism was found in Ly6C^high^ inflammatory blood monocytes of recipient mice ([Fig. 3](#f0015){ref-type="fig"}A, middle panel), three-fold decreased percentages of *Trim33*^*−/−*^ id blood monocytes, intermediate monocytes and macrophages were found in the colon ([Fig. 3](#f0015){ref-type="fig"}A, right panel) indicating a cell-autonomous deficiency of *Trim33*^*−/−*^ monocytes recruitment.Fig. 3Cell-autonomous deficiency of recruitment and differentiation of *Trim33*^*−/−*^ monocytes in colon of DSS-treated mice.**A.** Scheme of competitive BM transplantation followed by DSS-induced colitis (left scheme). Ly6Chigh blood inflammatory monocytes chimerism of mice reconstituted with CD45.1 WT (blue) and CD45.2 *Trim33*^*−/−*^ (red) BM (1:1) and treated with DSS (day16) (middle panel). Percentages of colonic CD45.1^+^ and CD45.2^+^ monocytes and macrophages at day 16 (right panel). Mean ± SEM are performed with *n* = 4--5 mice per group. **B.** Scheme of adoptive transfer of CFSE-labeled BM monocytes (4 × 10^6^ cells) from WT or *Trim33*^*−/−*^ mice treated with DSS (day16) and injected into WT recipient mice treated with DSS (day16) (left scheme). Kinetics of CFSE-monocytes in blood after adoptive transfer of WT (blue) or *Trim33*^*−/−*^ (red) BM monocytes (middle panel). Fold increase of CFSE colonic macrophages over CFSE colonic intermediate monocytes in WT mice injected with WT (blue) or *Trim33*^*−/−*^ (red) monocytes 72 h post adoptive transfer (right panel). Mean ± SEM are performed with *n* = 5--9 mice per group. **C.** Percentages of monocytes and macrophages after M-CSF induced.differentiation of purified BM (left panel) and blood (right panel) monocytes from WT (blue) or *Trim33*^*−/−*^ (red) mice treated by DSS (day 16). Mean ± SEM are performed with *n* = 15--20 mice per group. **D**. Percentages of intermediate monocytes and macrophages after M-CSF induced differentiation of CSFE-labeled *Trim33*^*−/−*^ monocytes co-cultured with WT monocytes (30/70) (left panel in purple) and of WT monocytes co-cultured with CSFE-labeled *Trim33*^*−/−*^ monocytes (30/70) (right panel in pink). Mean ± SEM are performed with n = 6--12 mice per group. Statistical comparisons were performed with either a Student\'s *t*-test or a Mann-Whitney test as appropriate (\**p* \< 0.05; \*\**p* \< 0.008; \*\*\**p* \< 0.0007).Fig. 3

The deficient differentiation of colonic *Trim33*^*−/−*^ intermediate monocytes into macrophages can be rescued by a WT environment as same percentages of *Trim33*^*−/−*^ intermediate monocytes and macrophages were found after *Trim33*^*−/−*^ BM transplantation into WT mice ([Fig. 3](#f0015){ref-type="fig"}A, right panel). We then performed adoptive transfer of CFSE labeled inflammatory monocytes from BM of *Trim33*^*−/−*^ or WT mice into WT mice at day 16 of DSS treatment ([Fig. 3](#f0015){ref-type="fig"}B, left scheme). As previously shown \[[@bb0110]\], 24 h after adoptive transfer, a significant decrease of injected Ly6C^high^ inflammatory blood monocytes was found, followed by a complete disappearance of the injected monocytes 72 h after adoptive transfer ([Fig. 3](#f0015){ref-type="fig"}B, middle panel). Of note, 72 h after adoptive transfer, the same percentage of colonic macrophages were observed and a similar fold increase of colonic macrophages over intermediate monocytes was detected in WT recipient mice injected with WT monocytes or *Trim33*^*−/−*^ monocytes ([Fig. 3](#f0015){ref-type="fig"}B, right panel and Supplementary Fig. 3A) strengthening the positive effect of a WT inflammatory environment on the differentiation of *Trim33*^*−/−*^ intermediate monocytes into colonic macrophages during DSS-induced colitis.

Monocytes differentiation into macrophages is dependent on the binding of colony-stimulating factor 1 (CSF1) to its receptor (CSF1-R) \[[@bb0115],[@bb0120]\]. Quantification of the CFS1-R (CD115) on the surface of circulating inflammatory monocytes showed no difference between WT and *Trim33*^*−/−*^ monocytes (Supplementary Fig. 3B) indicating that impaired differentiation of *Trim33*^*−/−*^ monocytes was not accounted for by a decreased expression of the CSF1-R as reported in the control of mature granulomonocytic differentiation \[[@bb0125]\]. In vitro differentiation of *Trim33*^*−/−*^ monocytes from BM or blood mice not treated (data not shown) or treated with DSS (day 16) with CSF1 (M-CSF) resulted in a decreased amount of macrophages and an increased amount of intermediate monocytes when *Trim33*^*−/−*^ monocytes were used ([Fig. 3](#f0015){ref-type="fig"}C and Supplementary Fig. 3C) strengthening a cell-autonomous defect for the differentiation of *Trim33*^*−/−*^ intermediate monocytes into macrophages. However, addition of WT monocytes from mice treated with DSS (day 16) to *Trim33*^*−/−*^ monocytes (day 16) increased the differentiation of *Trim33*^*−/−*^ monocytes into macrophages ([Fig. 3](#f0015){ref-type="fig"}D, left panel and Supplementary Fig. 3D). Conversely, addition of *Trim33*^*−/−*^ monocytes (day 16) to WT monocytes (day 16) decreased differentiation of WT monocytes into macrophages ([Fig. 3](#f0015){ref-type="fig"}D, right panel and Supplementary Fig. 3D).

Altogether, these results suggest a decreased capacity of *Trim33*^*−/−*^ monocytes to be recruited to the inflammatory site and a cell-autonomous differentiation defect of *Trim33*^*−/−*^ monocytes into macrophages. Interestingly, this defect can be rescued or mimicked by cellular contact with WT/*Trim33*^*−/−*^ monocytes and/or secretion of soluble factors from WT/*Trim33*^*−/−*^ monocytes.

3.5. TRIM33 deficiency in colonic macrophages impaired M2-macrophage polarization and decreased expression of membrane-bound TNF on macrophages during DSS-induced colitis {#s0180}
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------

We finally studied TRIM33 role on colonic macrophage polarization and function during DSS-induced colitis. The percentage of M2 colonic macrophages decreased similarly at day 16 in WT and *Trim33*^*−/−*^ mice but, at day 29, the percentage of M2-macrophages decreased only in *Trim33*^*−/−*^ mice ([Fig. 4](#f0020){ref-type="fig"}A, left panel). Accordingly, in *Trim33*^*−/−*^ colonic macrophages at day 29, mRNA level of *Retnla* (name: resistin like alpha, an M2 gene marker) was decreased ([Fig. 4](#f0020){ref-type="fig"}A, right panel). The presence of functional M2-macrophages is important for resolution of inflammation as suggested by the decreased disease in a mouse model of colitis when M2-macrophages but not M1-macrophages were injected \[[@bb0130]\]. At day 29 after DSS treatment, the decreased percentage of M2-macrophages found in *Trim33*^*−/−*^ mice might thus be part of the impaired of resolution of inflammation.Fig. 4Defects of *Trim33*^*−/−*^ colonic macrophages during resolution of colitis.**A**. Percentages of WT (blue) and *Trim33*^*−/−*^ (red) CD206^+^ M2 colonic macrophages during DSS-induced colitis (left panel). Mean ± SEM are performed with *n* = 6--9 mice per group. mRNA level of *Retnla* in WT (blue) and *Trim33*^*−/−*^ (red) colonic macrophages at day 29 (right panel). Mean ± SEM are performed with n = 3 mice in each group. qRT-PCR data are normalized to *Hprt*. **B**. mRNA level of *Tnf* in WT (blue) and *Trim33*^*−/−*^ (red) colonic macrophages at day 29. Mean ± SEM are performed with *n* = 3 mice in each group. qRT-PCR data are normalized to *Hprt*. **C.** Percentage of colonic macrophages expressing TNF at day 29 in WT (blue) and *Trim33*^*−/−*^ (red) mice. Mean ± SEM are performed with *n* = 6 mice in each group. **D**. Percentage of colonic macrophages expressing membrane-bound TNF (mTNF) at day 29 in WT (blue) and *Trim33*^*−/−*^ (red) mice (left panel). Mean of fluorescence (MFI) of mTNF in WT (blue) and *Trim33*^*−/−*^ (red) colonic macrophages at day 29 (right panel). Mean ± SEM are performed with n = 6 mice in each group. Statistical comparisons were performed with either a Student\'s *t*-test or a Mann-Whitney test as appropriate (\**p* \< 0.05; \*\**p* \< 0.003).Fig. 4

The differences in resolution of DSS-induced colitis between WT and *Trim33*^*−/−*^ mice might be associated with differences in pro-inflammatory cytokines expression such as IL6 or IL-1β. mRNA levels of these two cytokines at day 29 after DSS treatment were similar in WT and *Trim33*^*−/−*^ colonic macrophages (Supplementary Fig. 4A) in contrast with *Tnf* mRNA level that was decreased in *Trim33*^*−/−*^ colonic macrophages ([Fig. 4](#f0020){ref-type="fig"}B) indicating an association between *Tnf* expression and the phenotype observed.

Macrophage membrane-bound TNF (mTNF) induces neutrophils death and its expression is therefore important for the resolution of inflammation \[[@bb0135],[@bb0140]\]. As we found an increased percentage of infiltrated neutrophils only in colon of *Trim33*^*−/−*^ mice at day 29 after DSS treatment, we studied TNF expression on colonic macrophages. At day 29, less *Trim33*^*−/−*^ colonic macrophages expressed TNF and mTNF ([Fig. 4](#f0020){ref-type="fig"}C and D, left panel) and *Trim33*^*−/−*^ colonic macrophages that expressed mTNF had a lower expression of this protein compared to WT colonic macrophages ([Fig. 4](#f0020){ref-type="fig"}D, right panel). In *Trim33*^*−/−*^ mice treated by DSS, fewer colonic macrophages produced TNF at day 29 and at a lower level that WT macrophage. This global decreased of mTNF at day 29 by *Trim33*^*−/−*^ colonic macrophages was associated with high percentage of infiltrated neutrophils and might be part of the impaired of the resolution of inflammation in *Trim33*^*−/−*^ mice.

In conclusion, our results highlight a previously unappreciated function of TRIM33 expression by monocytes/macrophages for the resolution of intestinal inflammation and underscore the importance of TRIM33 expressing myeloid cells in maintaining gut immune homeostasis (Supplementary Fig. 4B).

4. Discussion {#s0185}
=============

Macrophages play a crucial role in the pathogenesis of IBD and may become a meaningful target for the development of drugs that target IBD. Studies using the DSS-induced colitis mouse model that mimics human IBD, have shown the function of myeloid cells in this disease \[[@bb0145]\] but the macrophage players that are involved in their functions in DSS-induced colitis are not well defined. As TRIM33 regulates the production of bone marrow derived macrophages (BMDM) and peritoneal macrophages (PM), is involved in the innate immune response \[[@bb0070]\] and regulates *Ifnb1* transcription at the late stages of BMDM activation \[[@bb0065]\], TRIM33 might be an important player of the DSS-induced colitis. In accordance, we show in this study that TRIM33 expression in myeloid cells is required in three essential steps of colitis: recruitment of blood monocytes to the inflammatory site, differentiation of monocytes into macrophages in the tissue and activation of functional macrophages to resolve inflammation.

Monocytes can migrate into tissues and differentiate into heterogeneous cells that include macrophages, dendritic cells, and osteoclasts. To enter the site of inflammation, inflammatory monocytes use adhesion molecules and chemokine receptors such as chemokine (CC motif) receptor 2 (CCR2) that is required for the entry of blood monocytes into the inflamed colonic mucosa \[[@bb0150]\]. The cell-autonomous impaired capacity of *Trim33*^*−/−*^ monocytes to be recruited to the inflammatory site was not associated with deficient CCL2/CCR2 function as *Trim33*^*−/−*^ monocytes displayed an unaltered migration of *Trim33*^*−/−*^ blood monocytes in the presence of CCL2 (not shown) but might be related to a reduced three-dimensional amoeboid mobility as shown for TRIM33 deficient BMDM \[[@bb0075]\]. Following extravasion, monocytes can differentiate into inflammatory macrophages. However the molecular players involved in the differentiation of blood monocytes after entering colon is not fully defined \[[@bb0150]\] and inflammatory monocytes entering the intestine fail to differentiate fully to become mature macrophages in the presence of inflammation that, in turn, results in the accumulation of monocyte-derived cells in the mucosa \[[@bb0100],[@bb0160]\]. In the absence of inflammation, a lower percentage of *Trim33*^*−/−*^ colonic macrophages were observed and a decreased number of macrophages were also found during resolution of DSS-induced colitis. The impaired differentiation of *Trim33*^*−/−*^ blood and intermediate monocytes into tissue macrophages ex vivo is not accounted for by a decreased expression of the CSF1-R as reported in the control of mature granulomonocytic differentiation \[[@bb0125]\] suggesting a default in the intracellular signaling response. Recently, CSF1--mediated differentiation of monocytes into macrophages requires the activation of caspase-8 in a multimolecular platform \[[@bb0165]\]. As *Trim33*^*−/−*^ inflammatory blood monocytes have an increased expression of both stefin A1 (*Stfa1)* that regulates caspase activation \[[@bb0170]\] and epithelial membrane protein 1 (*Emp1*) that regulates caspase expression \[[@bb0175]\], the caspase dependent differentiation of monocytes into macrophages might be deficient in *Trim33*^*−/−*^ monocytes (Table S2).

Resolution of inflammation is a coordinated and active process that restores tissue integrity and function. An important step of this resolution is the presence of functional M2-macrophages as suggested by the decreased disease associated with decreased colon shortening in a mouse model of colitis when M2-macrophages but not M1-macrophages were injected \[[@bb0130]\]. Although, in steady state, the percentage of CD206^+^ M2 colonic macrophages are similar in WT and *Trim33*^*−/−*^ mice, a decreased percentage of M2 macrophages was found in *Trim33*^*−/−*^ mice during resolution of DSS-induced colitis.

Macrophages are the main source of secreted TNF that displays dose-dependent effects on neutrophil survival but also of mTNF, which can induce neutrophil death \[[@bb0135],[@bb0140]\]. The secreted form of TNF is a 17 kD, non-glycosylated protein, which is cleaved from its cell-surface bound precursor (mTNF) by TNF converting enzyme (TACE) \[[@bb0180]\]. Both the membrane-bound TNF and the soluble TNF have biological activity, with soluble/secreted TNF acting at sites remote from TNF producing cells, whereas the mTNF form acts as a receptor via cell-to-cell contact, transmitting signals to targets when cells are directly in contact with TNF receptor expressing cells \[[@bb0185]\]. In *Trim33*^*−/−*^ mice, fewer colonic macrophages produced TNF at a lower level than WT macrophage during resolution of DSS-induced colitis. The decreased expression of mTNF by *Trim33*^*−/−*^ macrophages is associated with high number of infiltrated neutrophils that might be associated with impaired of the resolution of inflammation in *Trim33*^*−/−*^ mice. This result is consistent with the therapeutic use of anti-TNF antibodies in CD treatment \[[@bb0190]\]. Indeed, after binding soluble TNF and membrane-bound TNF, anti-TNF antibodies triggers cytokine suppression and/or apoptosis of monocytes and macrophages \[[@bb0180],[@bb0195]\]. Thus, anti-TNF antibodies have a broader action on monocytes and macrophages than just a decreased expression of mTNF on macrophages.

In conclusion, we have shown that TRIM33 deficiency in myeloid cells during colitis is associated with increased production of blood monocytes, a defect in monocytes recruitment and differentiation into functional macrophages leading to failure to resolve intestinal inflammation. These results highlight a previously unappreciated function of TRIM33 expression by monocytes/macrophages in the resolution of intestinal inflammation and underscore the importance of TRIM33 expressing myeloid cells in maintaining gut immune homeostasis.

Appendix A. Supplementary data {#s0210}
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